The OpenMX Viewer (Open source package for Material eXplorer Viewer) is a web-based graphical user interface (GUI) program for visualization and analysis of crystalline and molecular structures and 3D grid data in the Gaussian cube format such as electron density and molecular orbitals.
have provided platforms to visualize various crystalline or molecular structures and to analyze data from simulations to explain static and dynamic properties of materials. These visualization software are useful and important to reduce time for building or modifying structures, analyzing complicated calculation results, and measuring structural information. The use of such software enhances the efficiency of dealing with the input/output data for calculations and analyzing simulation results.
Since its release in 2008, HTML5 has introduced application programming interfaces (APIs) that can be connected with Javascript for constructing web applications in web browsers [11] . Also, Web Graphics Library (WebGL) (https://www.khronos.org/webgl/) is a Javascript-based API developed for interactive 3D graphical objects without plug-in in web browsers, which is able to accelerate image processing by GPU for web canvas. With the advent of WebGL, Three.js, a crossbrowser Javascript library, is able to utilize WebGL rendering techniques and to display animated 3D computer graphics in modern web browsers [12] . Based on HTML5 and WebGL, one can build an application in a web browser with the same functions as one installed in conventional operating systems. There are several well-established examples of web-based viewers for chemistry [13] , biochemistry [14] and medical imaging [15] such as: JSmol [16] ; ChemDoodle [17] ; Chemozart [18] ; Web3DMol [19] ; 3Dmol.js [20] ; LiteMol [21] ; and, NGL Viewer [22] . Therefore, it will be expected that a web application can be developed to visualize crystalline and molecular structures which may provide versatile tools for analyzing simulation data. Furthermore, it is possible to use the same functions as applications in a web browser when users are offline.
The OpenMX Viewer is an interactive web-based crystalline and molecular structure viewer based on HTML5 Canvas 2D combined with Javascript and Three.js libraries for existing or potential users of OpenMX [23] : (1) to visualize crystal structures, isosurfaces, and band strucutres; (2) to analyze static/dynamic data of OpenMX; and, (3) to save structural information in a XYZ format, a CIF format, or an OpenMX input format by using our unique javascript libraries and functions. It contains three kinds of viewers -Structure Viewer, Cube 3D Viewer and Band Structure Viewer. In particular, we develop a new on-line 3D-isosurface viewer for lattice systems, i.e. Cube 3D Viewer, by using the Three.js library, isosurface algorithms, our parsing Gaussian cube file library and a transformation of lattice vectors to visualize an isosurface image in a crystal lattice in a web browser.
The OpenMX Viewer provides a convenient GUI interface to examine a structure or simulation data by dragging-and-dropping a file in a compatible web browser, such as Chrome, Firefox or Safari, without any installations, upgrades, updates, registration, sign-in or terminal commands. In addition to OpenMX input/output formats, XYZ, CIF, and Gaussian cube formats are accepted as an 2 input file by the OpenMX Viewer with our parsing file libraries in javascript. The latest version of the OpenMX Viewer is always on the Internet for users to use freely anywhere and at any time. It is also noted that the OpenMX Viewer has been released under the GNU General Public License. Furthermore, the OpenMX Viewer has been developed not only for analyzing OpenMX input/output files but also for supporting XYZ, CIF, and cube file formats as an input file to visualize structures and electron density, enabling a wide variety of people using other software to obtain benefits with the OpenMX Viewer. This paper gives a brief overview of the OpenMX Viewer as below.
The features of the OpenMX Viewer
The OpenMX Viewer is built to connect with first-principle calculations for analyzing crystalline and molecular static/dynamic structures and relevant physical and chemical properties in the first and last step of simulations. Although the GUI has been originally developed for first-principles calculations by a DFT code, OpenMX, many functionalities explained later on can be utilized by users using other DFT codes because of the use of common file formats, such as XYZ, CIF, and cube. The OpenMX Viewer can be utilized directly by dragging-and-dropping files to the OpenMX Viewer webpage [24] (1) a bond distance between two selected atoms; (2) a bond angle; and, (3) a dihedral angle as shown in Fig. 1 . If a dropped file is relevant to structural optimization or molecular dynamics simulations, users can select Structural Change to check structural changes at each optimization or molecular dynamics step as shown in Fig. 2 . In addition, after dragging and dropping a file to visualize the structure, users can save the structural information to another format, such as the XYZ format, CIF format or OpenMX input file format with Cartesian coordinates or fractional coordinates.
Cube 3D Viewer
The Cube 3D Viewer is built for showing 3D isosurface images in the Gaussian cube format [26] such as electron density, difference electron density taken from superposition of atomic densities of constituent elements and molecular orbitals. To show an isosurface image, users can drag and drop a cube file to the OpenMX Structure Viewer window or the Cube 3D Viewer window as shown in Fig. 3 . Atoms, a unit cell, and positive/negative isosurfaces can be rendered in the Cube 3D Viewer at the same time. Moreover, an isosurface image in a crystal structure can be extended to a larger supercell.
Band Structure Viewer
The Band Structure Viewer allows us to show and check a band structure quickly by draggingand-dropping a Band file in the end of OpenMX's band structure calculation. It also includes a function to rescale a band structure by using mouse wheel or buttons.
The implementations of the OpenMX Viewer

Structure Viewer
The Structure Viewer is developed by HTML5 canvas 2D to display a static/dynamic crystalline or molecular structure in the orthographic or perspective view by dragging-and-dropping and parsing a XYZ/CIF/OpenMX file. After reading structural information, the spheres of atoms and bond stickers between two atoms are prepared and saved first. In the case of bond stickers, 91 bond stickers with tilted angles from 0 degrees to 90 degrees are drawn and stored in advance in order to reduce the effort of plotting bond stickers at each operation e.g. translations or rotations. Also, the images of spheres of atoms are created at the beginning of rendering operations. During the drawing of a crystal structure at each operation, these images of spheres and bond stickers are adjusted in size and pasted to their proper place. Then, the structure with spheres and bond stickers will be visualized on the center of the Structure Viewer. In Table 2 , we show the performance of the OpenMX Structure Viewer, indicating that the OpenMX Viewer provides a quick visualization of crystalline and molecular structures. In addition, the OpenMX Structure Viewer provides plenty of options listed in Table 3 for users to show structural properties. Here, eight practical options for examining structures are described as below:
1. A supercell can be chosen by 'Supercell' options directly. After selecting a supercell, the supercell structures will be changed and visualized simultaneously.
2. 'Number' can be checked to show all of serial numbers on the top of spheres.
3. 'Symbol' stands for printing a symbol of atomic species on the top of each sphere. 
Structural measurement
The Analysis of Structure panel is designed to show measurements of a bond distance between two selected atoms, a bond angle from three selected atoms and a dihedral angle formed by four selected atoms. After users select any four atoms in sequence, the panel will show the element symbols and their serial number and Cartesian coordinates as shown in Fig. 1 . The three bond lengths between two selected atoms, two angles among three selected atoms, and one dihedral angle from four selected atoms are printed in the same panel.
Animation panel
The Structural Change panel is capable of showing animation of optimizations or molecular dynamics simulations and printing total energy in Hartree at each step as shown in Fig. 2 . Users can play an animation step-by-step or continuously from beginning to end and switch steps forward or backward. At the same time, selected bond lengths, bond angles, and a dihedral angle at each step are shown in the Analysis of Structure panel. 
Parsing CIF files
The original program, CIF2CELL, for parsing CIF files is written in python [25] by using routines in the library PyCIFRW [27] . We convert this Python code to a Javascript version, i.e. cif.js, and build it as a CIF parsing function to connect with the Structure Viewer for parsing CIF files. After a user drags and drops a CIF file to the Structure Viewer, the Structure Viewer will (1) analyze the CIF file by using the CIF parsing function, (2) get the atomic coordinates, cell vectors and corresponding symmetry, (3) send structural data to plot the structure, and (4) select a conventional cell or a primitive cell to show. After showing the structure, users can start to operate the structure in the Structure Viewer. 
Examples
Select an existing data to show crystalline or molecular structure. -
Cube 3D viewer
The Cube 3D Viewer is based on WebGL, Three.js [12] , DAT.GUI (https://github.com/ dataarts/dat.gui), marching cube [28] , marching tetrahedra [29] and surface net [30] libraries to show 3D isosurface images in the Gaussian Cube format [26] such as electron density, difference electron density taken from superposition of atomic densities of constituent elements and molecular orbitals. The Three.js and isosurface libraries are released under the MIT license and DAT.GUI is released under the Apache License 2.0. Originally, the libraries of isosurface algorithms come from Paul Bourke's work [31] . And, Mikola Lysenko transformed the codes to Javascript version and connected with Three.js to show isosurface images in a web browser [32] . We followed his demo for drawing isosurfaces and modified the source code to transform each small cubic cell to one of seven lattice systems for constructing crystal isosurface images.
In order to show an isosurface image, users can drag and drop a cube file to the OpenMX 8 Structure Viewer window or the Cube 3D Viewer window as shown in Fig. 3 . After reading a cube data in the 'cube.js' function and declaring two float arrays to store positive and negative values with a default isovalue in 'read3ddata.js' function, these two positive and negative data sets are sent to one of the isosurface algorithms for producing facets or edges of two isosurfaces with different colors, respectively. In the last part, by Three.js, atoms, the unit cell, and the isosurface can be presented on the Cube 3D Viewer. In addition, a default isovalue is automatically determined by a largest absolute value divided by 200. And, the isovalue can be adjusted or changed continuously with a delay time by using the drop-down menu. In Table 4 , the performance of the Cube 3D Viewer is given for reference. The speed of compression depends on the size of a cube data. The rendering time depends on the total number of grids and an isovalue because it is related to the numbers of vertices and edges created by isosurface algorithms and plotted by the Three.js library. In the case of surface nets, the numbers of vertices and edges required for creating an isosurface image are usually less than those in the marching cubes algorithm and marching tetrahedra algorithm. The use of memory and performance are better than other two cases. Moreover, the drop-down menu provides several options of display styles for users to choose. These options are listed in Table 5 .
Among them, four useful options are described as below:
1. A supercell can be chosen to generate larger and continuous isosurface images. However, it should be noted that plotting isosurface images will become heavier if there are many facets needed to plot in the original crystal lattice. Drawing facets or edges is the most timeconsuming part in the Cube 3D Viewer.
2. Edges of isosurface images can be shown by selecting 'Edges'. After edges are shown, facets will be hidden at the same time, and vice versa.
3. Atoms can be presented in the unit cell by checking the 'atoms' option. But, if atoms are behind facets, atoms will become hidden.
4. Evolution of isosurface can be performed by checking the 'start' option. Both of the isovalue and isosurface will be changed gradually with a positive or negative increment after a time delay, where a positive or negative increment can be controlled by checking the 'direction' option.
Reading a cube file to get 3D-data
In order to show a 3D isosurface, analysis functions in Javascript for reading the cube format and storing a cube data in two float arrays are prepared first. Once the cube data is obtained, an Intel Core i7-7700K Processor and 32 GB DDR4-2400 MHz Memory. isosurface with a default isovalue will be plotted by using one of the isosurface algorithms. However, when the cube data is larger than 5 megabytes (MB), web browsers usually do not allow us to transfer the data from the OpenMX Structure Viewer window to the Cube 3D Viewer window because the localStorage in a web browser is usually limited to 5 MB. The dropped data will be compressed to strings first by using a MIT-licensed 'lz-string' compressed library (https://github.com/pieroxy/ lz-string) and then these compressed strings are transferred to the Cube 3D Viewer window. In case of a large-sized cube data, the step of compressing the data can be a bottleneck, leading to time lag in the response. If users want to analyze a huge cube data, they have to recognize this issue because it will cause the computer to lag.
Transformation of cell vectors
Originally, a 3D isosurface image by using marching cubes algorithm, marching tetrahedra algorithm, or surface nets is composed of many small cubic cells. A dropped cube file is first analyzed by assuming that the lattice system is cubic, regardless of the actual lattice, to calculate facets using one 11 of the isosurface algorithms. In order to apply isosurface algorithms for all kinds of lattice systems, Affine transformation is used to transform basis vectors of each small cubic cell to corresponding lattice vectors. After all of small cells are transformed, vertices and edges in small cells can be established and plotted by the Three.js library to visualize an isosurface image.
Band Structure Viewer
The Band Structure Viewer is developed for showing a band structure quickly by dragging-anddropping a Band file in the end of OpenMX's band structure calculation as shown in Fig. 4 . It supports a function for zooming in/out to a certain band structure range by controlling the mouse wheel or buttons. The drop-down menu provides options for scaling a band structure and setting display styles. 
Conclusions
The OpenMX Viewer is an interactive web-based crystalline and molecular structure viewer for 
